We present first-principles investigations of the structural and electronic properties of PPV in both the isolated chain and the crystalline state. The calculations are mainly based on the local density approximation within density functional theory. With this approach, we have determined the optimal structure and torsional conformation for an isolated one-dimensional polymer chain. The predicted structural and electronic properties of PPV are generally in good agreement with recent work. However, for the vinyl C=C double bond, there exists a relatively large difference (>0.03 Å) in bond length between experiment and theory, and we postulate that this arises from a bond alternation. In the crystalline state, we find that intrachain interactions are dominant, and that interchain effects play a secondary but significant role for some bands. Effective masses are calculated from the band structure, which are helpful for understanding the opto-electronic properties of the polymer, and in particular, allow us to calculate the exciton binding energy and radius.
Introduction
Conjugated polymers have emerged as a highly promising class of materials for electronic and optoelectronic applications, particularly for displays, light emitting diodes (LEDs), and field effect transistors (FETs) [1] [2] [3] . One polymer that has attracted considerable interest, both in terms of its basic properties and its applications, is unsubstituted poly-para-phenylene vinylene (PPV).
In fact, PPV has probably been the most widely studied polymer material [4] [5] [6] [7] [8] [9] [10] over the last decade. From the experimental point of view, it is easy to process and there are a number of 1 Author to whom any correspondence should be addressed. possible substitutions which give the opportunity to tune the optoelectronic properties. PPV is also an attractive material for the theoretical study of the properties of conjugated polymers, since it takes the form of relatively simple quasi-one-dimensional molecules arranged in a three-dimensional crystal structure. This arrangement makes it possible to study the structural and electronic properties in both the isolated chain and the crystalline states.
Although there have been rapid technological developments in the applications of PPV, many aspects of the basic physics of the polymer are not well established and its properties are not fully understood. This is in part due to the fact that realistic theoretical descriptions of the polymer involve heavy computational costs. Consequently, many calculations of the properties of PPV have been based on simple models such as that of an isolated, perfect straight chain where the solid state effects are not included. However, individual PPV chains exhibit complicated behaviour which is also significantly influenced by interchain interactions, defects, disorder, and other factors. Empirical and semi-empirical approaches can be used, but are of limited reliability, since it is often very difficult to separate the real physics from parametrization effects.
Ab initio band structure calculations have been carried out for several decades. Two main methods have been applied in these calculations; one is the Hartree-Fock (HF) approach, the other is density functional theory (DFT). The self-consistent X α study of polyacetylene and other chain polymers has been reported by Mintmire et al [11] . The band structure calculations on neutral polypyrrole were performed at the HF level [12] and the results compare well with experimental spectra. Electronic and dynamic property studies have been carried out at both coupled HF [13] and post-Hartree-Fock levels for which the Møller-Plesset perturbation theory is limited to second order (MP2) [14] . The latter provides important and often dominant corrections. To find a good compromise between the computational cost and the quality of results, many-body perturbation theory (MBPT), and coupled-cluster (CC) theory have been used for extended systems [15, 16] ; although non-variational, CC theory resolves the problem of size extensivity, and is often well defined, accurate and efficient. Ab initio electronic structure and band structure studies of polyparaphenylene (PPP) have been carried out using atom-centred basis sets [17, 18] .
In this work, we study the structural and electronic properties of PPV by using firstprinciples calculations based on density functional theory with a plane wave representation of the electronic states and a pseudopotential description of the electron-ion interactions. In doing so, the interchain interactions can be taken into account, unlike in some previous theoretical work in which the interactions between the neighbouring chains have been neglected.
The remainder of this paper is organized as follows. Section 2 presents the structure of PPV. In section 3, the basic theory and computational technique are briefly outlined, with particular emphasis on solving for the structural and electronic properties. We present our results and discussion in section 4. A short summary concludes the paper in section 5.
Structures of PPV
Our study involves the following PPV-related structures as sketched in figures 1 and 2. These are the PPV repeat unit monomer ( figure 1(a) ), a PPV isolated chain ( figure 1(b) ), the styrene molecule ( figure 1(c) ), and the stilbene molecule ( figure 1(d) ).
We also study the solid state structure of PPV, where x-ray diffraction measurements [19] show that PPV has a herringbone crystal structure with a monoclinic unit cell containing two chains. The crystal structure is shown in figure 2 with a = 8.07 Å, b = 6.05 Å, and c = 6.54 Å, the monoclinic angle between b and c is 123
• , the setting angle is 52
• , and the unit cell has P21/a symmetry. 
Computational technique
Our calculations of the properties of PPV are based on density functional theory [20, 21] . In this method, the many-body exchange and correlation effects are described using the local density approximation (LDA), which has been extensively used in first-principles calculations of inorganic semiconductors. Such calculations are capable of giving accurate and reliable structural and electronic information for the ground state of the system. The calculations have been implemented using the CASTEP plane wave code [22, 23] . It is well recognized that plane wave basis sets have a number of benefits as compared to those conventionally used in quantum chemistry [23] . Further, there exists a simple parameter, the cut-off energy, for determining the degree of completeness of the basis, which gives us confidence that the wavefunction can describe the electronic properties without any particular bias [24] . The electron-ion interactions were described using the ultrasoft Vanderbilt pseudopotentials [25] , which have a low cut-off energy and so reduce the number of plane waves required for the expansion of the Kohn-Sham orbitals. A cut-off energy of 380 eV was used, which ensures convergence of the total energy differences of the system to 1.0 meV/cell. The difference between the band gap at 600 eV and that at 380 eV is less than 0.01 eV. The Monkhorst-Pack k-point sampling scheme [26] was employed to perform the k-space integrations over the first Brillouin zone to the same level of convergence. For the isolated molecule, only one k point (the Brillouin zone centre) is required; finer sampling is not necessary, since the electronic bands are effectively dispersionless for a single molecule. Given a system (molecule or solid), its structure can be determined by a set of geometrical parameters, such as bond lengths, bond angles, and torsion angles. The optimization procedure is as follows: we first choose an initial geometry; then we calculate the HellmannFeynman [27] force on each atom. The atoms are moved under these forces until no force exceeds some threshold value. This allows us to find the structure that is the 'nearest' local minimum to the starting configuration. In our work, we use the BFGS [28] optimization method, with full relaxation taken to be when none of the ionic forces exceeds 0.05 eV Å −3 , and the total energy convergence tolerance is 0.1×10 −4 eV/atom. The Kerker 2 density-mixing scheme was used to achieve self-consistency between the input and output potentials. For all these simulations, point group symmetry is not enforced since small symmetry breakings may occur. 
Results and discussion

Structural properties of PPV
We first carry out calculations of the ground state structure for an isolated, infinite PPV chain, the repeat unit of which is illustrated in figure 1(a) . To produce a periodic system, as required for the use of a plane wave basis set, the polymer is artificially repeated on a square lattice in the plane normal to the chain, with a sufficient distance between neighbouring chains to minimize the interchain interaction. In these calculations the dimensions of the unit cell are 10 Å × 10 Å × d, where d is the repeat unit distance along the polymer chain. Then, by using the techniques described in section 3, the optimized geometry of the isolated PPV polymer chain, including the parameter d, can be obtained.
The lattice constant of the ground state is given by the location of the minimum (6.65 Å) in the total energy as a function of d, which is shown in figure 3 . A selection of optimized bond lengths and bond angles, together with some experimental data and other theoretical results, are listed in table 1. For comparison, the geometrical parameters that we have calculated for a styrene molecule (see figure 1(c)) are also given in table 1. The experimental results are from x-ray diffraction studies of stilbene (figure 1(d)) molecular crystals [29] . When we compare our results for the isolated chain with those for the stilbene molecular crystals, it can be seen that our optimized geometrical parameters generally agree with the diffraction experimental data on trans-stilbene [29] and with some recent theoretical data [8] . However, for the vinyl C 7 =C 8 double bond, our value for the length of 1.349 Å is 0.031 Å: greater than that observed in experiment but nevertheless closer to experiment than the value 1.361 Å found by Capaz and Caldas [8] . Interestingly, the observed C 7 =C 8 bond length is quite close to the standard C=C double-bond length of 1.33 Å [30] and our optimized value 1.329 Å in the styrene molecule. Note that the experimental value is for molecular crystals of stilbene but the calculations are for an isolated PPV chain, and it is possible that there is a bond alternation in the latter case due to the change of situation in the polymer [31] . Table 1 . Selected geometrical parameters of an isolated PPV chain. Bond lengths and angles are in Å and degrees, respectively. Carbon atom labels are the same as in figure 1 . The experimental data are x-ray diffraction values for trans-stilbene molecular crystals [29] . Reference [8] is concerned with the optimized geometry in a first-principles calculation for an isolated PPV chain. For comparison, the parameters for a styrene molecule are also given.
Parameters
Isolated Total energy calculations for an isolated PPV chain were performed in which the torsion angle C 4 -C 6 -C 7 -C 8 is constrained to particular values in order to obtain the energies of different torsional conformations of PPV. Note that the 0
• and 180
• rotations correspond to the cis and trans conformations, respectively. The results for the total energy as a function of torsion angle in figure 4 suggest that the ground state has a planar configuration. The predicted planarity of PPV is not quite in agreement with the experimental diffraction data [19, 32] , which suggests a torsion angle of approximately 5
• that increases somewhat with temperature. In the PPV chain, there are two competing tendencies: on the one hand, extended π conjugation is best achieved if the polymer chain adopts a planar conformation, but there also exists a steric repulsion between the adjacent phenylene ring and the vinylene hydrogen atoms, which favours a non-planar construction. The balance between these two effects results in a non-zero torsion angle in the PPV chain. However, the observed deviation from planarity is for a crystal and not the isolated chain. It is difficult to confirm the 5
• torsion angle theoretically, since the energy difference between the planar and non-planar conformations is very small. For example, for an isolated infinite PPV chain, we have calculated the energy difference between the planar and 5
• conformations to be less than 1 meV/cell.
Electronic properties of PPV
Isolated chain.
There are eight carbon atoms in a PPV chain repeat unit but only one electron per atom takes part in the conjugated π bonding. Since each band can hold exactly two electrons, the four π valence bands with the lowest energy are filled and the four π * conduction bands above them are empty. Three of the four π bands belong to the benzene ring, and the corresponding wavefunctions are delocalized along the chain. The other π band derives mainly from the vinylene states, and the corresponding wavefunctions are localized on the vinyl C=C double bond. The total electronic charge density isosurface, set at 0.1e Å −3 , for an isolated PPV chain is shown in figure 5(a) . It can be seen that the total charge density in the plane of the backbone is equally distributed in the benzene ring and the vinyl linkage, as expected. The charge densities for the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) are shown in figure 5(b) and figure 5(c) , respectively, and it is found that for both the HOMO and the LUMO there is a much smaller charge density on the hydrogen atoms. This result is in good agreement with the work of da Costa et al [33] . The electronic band structure for the isolated chain of PPV is shown in figure 6 . This single-particle band structure exhibits an energy band gap of 1.3 eV between the HOMO and the LUMO. This is considerably less than the optical gap of 2.4 eV that has been measured experimentally by Voss et al [34] . The general tendency of approximate schemes, such as LDA and GGA, in the DFT approach is to underestimate band gaps, often by 50% or more. Figure 7 compares the results of LDA and GGA calculations, in which the revised PerdewBurke-Ernzerhof (RPBE) functional [35] was used to account for the exchange-correlation effects. It is apparent that LDA and GGA exhibit quite similar features; the largest dispersion of about 2.0 eV occurs in the chain direction P, and GGA slightly improves the band gap at P. However, the predicted value is much too small and differs by less than 0.1 eV compared to the LDA. The underestimation of the electronic band gap is partly due to the local or semi-local [33] .
is in the chain direction from to P and lies 0.7 of the way along P. nature of the LDA (and GGA) functionals and a non-local density functional treatment of the isolated polymer chain can be expected to give rise to greatly improved results [36] .
Crystalline state.
The Brillouin zone of the crystalline polymer is shown in figure 8 and the calculated band structure is presented in figure 9 . Compared with the band structure of the isolated chain, the main difference is that the bands occur in pairs. This is due to the two chains per unit cell in the herringbone crystal structure of undoped PPV, which would result in doubly degenerate bands if it were not for the small splittings due to interchain interactions. As a matter of fact, similar features have been found previously in crystalline trans-(CH) n [37] . The C-H interaction between neighbouring chains [33, 38] is mainly responsible for the splitting of bands shown in figure 9 . The effect of interchain interactions can also be seen in the density of states (DOS) for the crystalline state when compared with that of an isolated chain. The total DOS of an isolated PPV chain is plotted in figure 10 , and that for the PPV crystalline state in figure 11 . It is found that the general features of the two densities of states are quite similar for the valence band, but there are more small peaks (due to the two chains per unit cell) for the crystalline DOS. However, in the upper valence and conduction bands, especially in the vicinity of 5 eV, the DOS for the crystal structure is much smaller and quite a lot broader, indicating that the interchain interactions have a larger influence on the crystalline DOS in this region. It is evident that the electronic properties of conjugated polymers depend sensitively on the physical conformation of the polymer chains and the way the chains pack together in bulk films as discussed by Schwartz [39] .
The small splittings and band pairs were not observed in the calculations of van der Horst et al [7] , in which a dielectric medium was used to model the interchain interactions but the effect of the crystalline packing was not taken into account. The largest band dispersion occurs along the chain direction P, with a value of about 2.1 eV, which is similar to that for the isolated chain. The bands are quite flat in the directions perpendicular to P (such as PQ and X), implying that the interchain interactions are small compared with the intrachain interactions. However, it can be found that different bands experience quite different interchain coupling effects. For example, the lowest conduction band (LUMO) has a bigger splitting and is more dispersive along QX than the highest valence band (HOMO), indicating that the interchain interaction has more influence on the LUMO. The minimum band gap occurs at D (with a slightly larger gap at ) and is about 0.3 eV smaller than the gap of the isolated chain. Also at and D the HOMO and LUMO bands are well separated from the other bands. It is useful to compute the effective mass tensor for relevant bands from the dispersion curves of the band structure. This is one of the most important quantities used in the analysis of experimental results and in theoretical modelling, as, for example, when considering excitonic effects. The effective mass tensor is defined as 1/m(k
, where + applies for electrons and the minus sign for holes. We have calculated the tensor components in the three principal directions x, y, and z (see figure 8) for the HOMO and LUMO bands at and and the results are summarized in table 2. It can be seen that the effective mass components in the chain direction are quite similar at and , and at the HOMO and LUMO bands are more dispersive in the x directions. The magnitude of the effective mass parallel to the chain is smaller than those in the other two directions but only by one or two orders of magnitude. This indicates that the interchain interactions also contribute significantly to the crystalline packing effects [10] . Using the effective mass 0.09 m e in table 2 and the definition for the binding energy of a hydrogenic-like state in a one-dimensional system [40] , we can estimate the exciton binding energy associated with the lowest electronic LUMO-HOMO transition. The resulting binding energy is about 0.2 eV and the exciton radius is approximately 20 Å. Such values are reasonable when compared with the exciton binding energy, in the range of 0.2-0.6 eV, measured by scanning tunnelling spectroscopy [41] .
Summary and conclusions
We have investigated the structural and electronic properties of the semiconducting conjugated polymer PPV in the isolated and crystalline states. Our predictions of the structural properties are generally in good agreement with the experimental data and other recent theoretical work. However, for the double-bonded C 7 =C 8 vinyl bond, there is a relatively large difference between the theoretical result and the experimental value. As a result, we postulate that this bond may undergo a bond alternation in the polymer state. The calculated electronic properties of an isolated chain agree well with the other available theoretical data. The band gaps of PPV are in good agreement with those from previous works. The investigation of the band structure of the crystalline material has allowed us to study certain solid state effects, and we have demonstrated the existence of small splittings in the bands arising from interchain interactions. Although intrachain interactions are dominant, the interchain effects play a significant role for some bands. Effective mass parameters have been obtained for the HOMO and LUMO bands, which may be used in models of electronic and optical phenomena in PPV.
